Abstract Purpose: Inhibiting mammalian target of rapamycin (mTOR) signaling in acute myelogenous leukemia (AML) blasts and leukemic stem cells may enhance their sensitivity to cytotoxic agents. We sought to determine the safety and describe the toxicity of this approach by adding the mTOR inhibitor, sirolimus (rapamycin), to intensive AML induction chemotherapy. Experimental Design: We performed a phase I dose escalation study of sirolimus with the chemotherapy regimen MEC (mitoxantrone, etoposide, and cytarabine) in patients with relapsed, refractory, or untreated secondary AML. Results: Twenty-nine subjects received sirolimus and MEC across five dose levels. Dose-limiting toxicities were irreversible marrow aplasia and multiorgan failure. The maximum tolerated dose (MTD) of sirolimus was determined to be a 12 mg loading dose on day 1 followed by 4 mg/d on days 2 to 7, concurrent with MEC chemotherapy. Complete or partial remissions occurred in 6 (22%) of the 27 subjects who completed chemotherapy, including 3 (25%) of the 12 subjects treated at the MTD. At the MTD, measured rapamycin trough levels were within the therapeutic range for solid organ transplantation. However, direct measurement of the mTOR target p70 S6 kinase phosphorylation in marrow blasts from these subjects only showed definite target inhibition in one of five evaluable samples. Conclusions: Sirolimus and MEC is an active and feasible regimen. However, as administered in this study, the synergy between MEC and sirolimus was not confirmed. Future studies are planned with different schedules to clarify the clinical and biochemical effects of sirolimus in AML and to determine whether target inhibition predicts chemotherapy response. (Clin Cancer Res 2009;15(21):6732-9) Although intensive combination chemotherapy is effective in temporizing acute myelogenous leukemia (AML) in most treated patients, the majority of those who achieve complete remission (CR) subsequently relapse and ultimately die of their disease (1-3). More than 30 years of combination chemotherapy clinical trials have failed to substantially improve survival in AML, leading to efforts to develop targeted therapeutics for this disease. We and others have concentrated on identifying agents or signaling inhibitors that target AML cells and AML stem cells without additional toxicity to normal hematopoietic cells. Some of these agents seem to be cytotoxic by themselves (4-9), whereas others alter the response of AML cells to chemotherapy (10, 11). The most extensively studied drugs in this class are the FLT3 inhibitors, for which clinical trials are ongoing (12-16). Use of FLT3 inhibitors has been studied primarily in patients with FLT3 mutations, which are known to confer a (12, 15, 17, 18) .
Although intensive combination chemotherapy is effective in temporizing acute myelogenous leukemia (AML) in most treated patients, the majority of those who achieve complete remission (CR) subsequently relapse and ultimately die of their disease (1) (2) (3) . More than 30 years of combination chemotherapy clinical trials have failed to substantially improve survival in AML, leading to efforts to develop targeted therapeutics for this disease. We and others have concentrated on identifying agents or signaling inhibitors that target AML cells and AML stem cells without additional toxicity to normal hematopoietic cells. Some of these agents seem to be cytotoxic by themselves (4) (5) (6) (7) (8) (9) , whereas others alter the response of AML cells to chemotherapy (10, 11) . The most extensively studied drugs in this class are the FLT3 inhibitors, for which clinical trials are ongoing (12) (13) (14) (15) (16) . Use of FLT3 inhibitors has been studied primarily in patients with FLT3 mutations, which are known to confer a poor prognosis. Studies that combined other signaling inhibitors with chemotherapy in AML have only rarely been previously reported (12, 15, 17, 18) .
Phosphatidylinositol-3′-kinase (PI3K) is a potential novel therapeutic target in AML. The role of PI3K signaling in leukemia has been studied in both murine models and primary human cells. Yilmaz et al. studied a murine leukemia model that conditionally induces activated PI3K signaling in hematopoietic cells (19) . This model rapidly generated transplantable acute myeloid and lymphoid leukemias. Treatment of these mice with the mammalian target of rapamycin (mTOR) inhibitor rapamycin (sirolimus) eradicated the leukemic phenotype, including loss of serial transplant capacity. We and others have also shown that PI3K and mTOR are activated in primary human AML cells and AML stem cells (5, (20) (21) (22) (23) . Inhibition of PI3K signaling with LY294002 or prolonged exposure to rapamycin is cytotoxic to primary AML samples in vitro (5, 20, 22, 24) . Importantly, we also showed that rapamycin dramatically enhances in vitro response to etoposide and abrogates engraftment of primary AML samples in immunodeficient mice (24) . Taken together, these data show that mTOR inhibition enhances chemotherapy response and disrupts the survival of AML stem cells.
We therefore sought to test the feasibility of targeting mTOR in AML therapy by combining sirolimus with chemotherapy for AML. Prior studies have shown that mTOR inhibitors had modest antileukemic activity as single agents but very limited pharmacodynamic studies have been published to correlate any clinical responses with actual disruption of mTOR signaling in leukemic blasts (22, (25) (26) (27) . Sirolimus or other mTOR inhibitors have not previously been combined with induction chemotherapy for acute leukemia and the toxicity of this combination is unknown.
Based on our preclinical data, we chose to combine sirolimus with the etoposide-containing induction regimen MEC (mitoxantrone, etoposide, and cytarabine). MEC has primarily been tested in patients with relapsed and refractory AML (28) (29) (30) , and shows activity and toxicity comparable to other high-dose cytarabine-containing regimens (31) (32) (33) . Reversible mucositis, transaminase elevation, diarrhea, and neutropenic infection are the most commonly reported toxicities of this treatment. Sirolimus has been used for solid organ and bone marrow transplantation for more than a decade. Its toxicity profile has been extensively studied in the context of prolonged administration. In this setting, like other immunosuppressant medications, infections are the most common serious side effects. Other notable sirolimus toxicities include headache, acneiform rash, stomatitis, hyperlipidemia, mild thrombocytopenia, and rarely, thrombotic microangiopathy (34) (35) (36) .
We did a phase I dose escalation trial of sirolimus in combination with MEC to determine the toxicity profile of this combination as well as the maximally tolerated dose. We also examined rapamycin levels during therapy and studied the regimen's biochemical effects on mTOR signaling in leukemic blasts.
Patients and Methods
Subject selection. Subjects were recruited from the clinical practices of the University of Pennsylvania between May 2004 and January 2007. Eligible subjects were ages 18 to 65 with non-M3 AML that either had relapsed following prior chemotherapy or was refractory to induction chemotherapy. Primary refractory leukemia was defined as persistent disease (>5% marrow blasts) following two induction cycles or recurrent leukemia following a single induction cycle that had resulted in a nadir marrow biopsy with no leukemia. Patients with untreated secondary leukemia-defined as AML arising out of an antecedent hematologic disorder or following chemotherapy or radiation therapy-were also eligible. Patients with accelerated or myeloid blast phase chronic myelogenous leukemia could participate provided they had progressive disease despite treatment with BCR-ABL kinase inhibitors. Pathology review at the Hospital of the University of Pennsylvania was done to confirm diagnoses in all cases.
All subjects were required to have an Eastern Cooperative Oncology Group performance status of 0 to 1 and resolution of prior treatmentrelated toxicities. Required baseline organ function studies specified an ejection fraction >45%, creatinine ≤2.0 mg/dL, total bilirubin ≤1.5 mg/dL, hepatic transaminases ≤3× upper level of normal, no uncontrolled infections, and no unstable baseline comorbidities that would jeopardize toxicity assessment. Due to significant drug-drug interactions between sirolimus and systemic imidazole or triazole antifungals, these medications were prohibited for 1 wk prior to enrollment.
The research was approved by the Institutional Review Boards of the University of Pennsylvania and the study was monitored by the Clinical Trials Safety Review and Monitoring Committee of the Abramson Cancer Center of the University of Pennsylvania. Written informed consent was obtained from all subjects according to the Declaration of Helsinki.
Treatment schema. The treatment regimen is shown in Fig. 1 and consisted of a loading dose of oral sirolimus on day 1 followed 24 h later by a daily dose of sirolimus administered on days 2 to 7. Twelve hours after the sirolimus loading dose, subjects began i.v. In the absence of dose-limiting toxicity (DLT), the sirolimus loading and daily doses were to be escalated over five dose levels as described below in toxicity assessment. The loading dose remained thrice the daily dose for all treatment levels and ranged from 3 to 15 mg and 1 to 5 mg, respectively. Sirolimus doses were not adjusted for weight or altered based on drug
Translational Relevance
Signaling through the phosphatidylinositol-3′-kinase pathway and its downstream effectors, AKT and mammalian target of rapamycin (mTOR), is abnormally activated in acute myelogenous leukemia (AML) and hypothesized to contribute to chemotherapy resistance. Preclinical data suggest that inhibiting mTOR with rapamycins enhances AML cells' response to chemotherapy and impairs leukemic stem cell function. Here, we describe the first clinical trial combining a mTOR inhibitor with dose-intensive AML chemotherapy. We performed a phase I dose escalation of sirolimus (rapamycin) in combination with fixed doses of a multiagent induction chemotherapy regimen. This approach produced serum rapamycin concentrations capable of inhibiting mTOR signaling in leukemic blasts and was safe and worthy of future efficacy studies. Interestingly, many subjects' leukemia samples showed biochemical rapamycin resistance despite trough concentrations that would be adequate for transplant immunosuppression. This finding has implications for the clinical development of mTOR inhibitors in hematologic and solid tumors, and requires future study. levels. Each intravenous chemotherapy drug was administered over 1 h and actual body weight was used for chemotherapy calculations.
Supportive care. Subjects were treated on the hematologic malignancies service and central venous catheters were used in all subjects. A low bacteria diet was provided during periods of neutropenia. All subjects received aggressive intravenous hydration and oral allopurinol 300 mg/d during chemotherapy or until signs and symptoms of tumor lysis syndrome had resolved. Dexamethasone eye drops were provided during cytarabine administration as keratitis prophylaxis. Cerebellar function was tested prior to each cytarabine dose. Subjects with positive herpes simplex virus (HSV) 1 or 2 antibody titers received oral acyclovir prophylaxis. Prophylactic antibiotics and antifungals were not routinely given. Neutropenic fevers were treated as per institutional guidelines. Azole antifungals (e.g., voriconazole) were permitted only after completion of all sirolimus doses. RBCs were transfused for symptomatic anemia or a hemoglobin level <8 gm/dL. Single donor platelets were transfused for bleeding, disseminated intravascular coagulation, or asymptomatic platelet counts <10,000/μL. All blood products were leukofiltered and irradiated.
Toxicity assessment. Toxicity was assessed using the Common Toxicity Criteria for Adverse Events version 3.0. Any grade 3 or greater nonhematologic toxicity thought possibly, probably, or definitely related to sirolimus was considered a DLT. Marrow aplasia (<10% cellularity with <10% blasts) that did not resolve for at least 4 weeks was considered hematologic DLT. The following toxicities were excluded as dose-limiting: grade 3 nausea and vomiting responsive to medications, grade 3 neutropenic fevers or infections, grade 3 tumor lysis syndrome, grade 3 or 4 metabolic derangements attributed to antifungal medications or tumor lysis that corrected with intravenous or oral supplementation, grade 3 stomatitis that resolved within 7 d of discontinuation of medications, grade 3 or 4 hypercholesterolemia, grade 3 or 4 hyperbilirubinemia or transaminitis that resolved to below grade 2 within 14 d, and anemia, neutropenia, or thrombocytopenia, even if requiring transfusion.
A standard phase I dose escalation scheme was used. Subjects were to be enrolled in cohorts of three to each of the five planned sirolimus dose levels. Dose escalation did not occur until 28 d following the final subject's enrollment on any dose level. In the case of a DLT, up to three additional subjects were added to this level. Dose escalation proceeded as long as no more than one subject per level experienced a DLT. If two or more subjects at a treatment level experienced a DLT, the maximum tolerated dose (MTD) was considered to have been exceeded and the dose of sirolimus was de-escalated by one level. This dose level was expanded to a target of 6 to 12 subjects to gather additional toxicity data.
Response criteria. CR was defined as a marrow aspirate (or core biopsy specimen, if hemodilute) containing <5% blasts, an absolute neutrophil count of >1,000/μL, an untransfused platelet count of >100,000/μL, and no evidence of circulating or extramedullary leukemic blasts. CR without platelet recovery met all criteria for CR except the platelet count failed to exceed 100,000/μL. A partial remission met all criteria for CR, except that the marrow blast percentage was between 5% and 25%. Progressive disease was defined as an increase of at least 25% in the absolute number of leukemic cells in peripheral blood or bone marrow/aspirate, the development of extramedullary disease, or other evidence of increased tumor burden.
Serum rapamycin levels and pharmacodynamic assessment. Rapamycin troughs were drawn prior to sirolimus doses on days 3 and 6, and assessed by high-pressure liquid chromatography in the clinical laboratories of the Hospital of the University of Pennsylvania. A baseline marrow aspirate was collected within 14 d prior to initiation of therapy. A repeat marrow aspirate was obtained on day 3 for pharmacodynamic monitoring. Mononuclear cells from marrow aspirates were separated by Ficoll/Hypaque density centrifugation and stored as viable cells in serum with 10% DMSO in a liquid nitrogen freezer. For pharmacodynamic analysis, samples were rapidly thawed and washed with PBS to remove DMSO. All subsequent steps were carried out on ice. Cells were pelleted by centrifugation, washed once in cold PBS and immediately lysed in a buffer containing 1% Triton X-100, 150 mmol/L of NaCl, 50 mmol/L of Tris [tris(hydroxymethyl)aminomethane]-HCl with protease and phosphatase inhibitors (10 μg/mL aprotinin, 10 μg/mL leupeptin, 1 mg/mL pepstatin, 5 mmol/L EDTA, 5 mmol/L sodium orthovanadate, 50 mmol/L NaF, 50 mmol/L Na-PPi, and 150 μmol/L phenylmethylsulfonyl fluoride). Total cell lysates (100 μg by Bradford method) per sample were loaded on a SDS-PAGE gel and separated by electrophoresis. Proteins were blotted onto nitrocellulose using either wet or semi-dry transfer apparatus (Bio-Rad). Blots were blocked in 5% dried milk solution diluted in TBST (TBS/0.1% Tween 20), incubated with the indicated antibody, and bound antibody detected by hybridization with a horseradish peroxidase-conjugated secondary antibody and enhanced chemiluminescence detection (Amersham Biosciences). Blots were stripped with 2% SDS at 50°C for 30 min and re-probed as needed. In a subset of immunoblots, blocking occurred in 5% bovine serum albumin or 5% Bailey's Irish Cream diluted in PBS, followed by incubation with the indicated antibody plus 3% to 5% dried milk solution diluted in TBST, and subsequently probed with fluorescent secondary antibodies diluted in TBST or TBST with 3% dry nonfat milk. Blots were washed extensively in TBST to reduce autofluorescence from nonspecifically bound milk, and finally in PBS to diminish autofluorescence from Tween 20. Fluorescent secondary antibody was detected and quantified using a Li-COR Odyssey scanner and associated software (version 3.0). Primary antibodies used included phosphorylated p70 S6 kinase (T389), phosphorylated and total ribosomal S6 kinase (S235/236), phosphorylated and total 4EBP1 (T70) from Cell Signaling Technology, and total p70 S6 kinase from Upstate. Horseradish peroxidase-conjugated secondary antibodies were purchased from Amersham and species-specific fluorescent antibodies (Alexa 680 or IRDye 800) from Molecular Probes and Rockland Immunochemicals.
Results
Subject demographics. Twenty-nine subjects were treated. The pretreatment characteristics of the enrolled subjects are 
summarized in Table 1 . All subjects had AML. Twenty-six (90%) subjects had relapsed or refractory disease after prior therapy and three (10%) had previously untreated AML arising out of prior MDS. The majority of subjects (n = 20, 70%) had previously received at least one cycle of high-dose cytarabine (≥1 g/m 2 /dose) and four subjects (14%) had had a prior myeloablative stem cell transplantation. Of the 18 subjects in first relapse, only 7 (24% of entire cohort) had had a first remission duration of >12 months. Cytogenetic data was informative for all but three subjects. Two subjects had abnormal karyotypes of unknown prognostic significance, two subjects had inv(16) karyotypes, and all other subjects had intermediate to poor risk karyotypes using Southwest Oncology Group/Eastern Cooperative Oncology Group criteria (37) .
Toxicities. Grades 3 and 4 adverse events and DLT are summarized in Table 2 . Severe myelosuppression and neutropenic fevers, typical of induction regimens, occurred in all subjects. Documented grades 3 or 4 infections occurred in 15 (52%) subjects and no opportunistic organisms (e.g., Pneumocystis jiroveci) were seen.
Three infection-related deaths occurred in the study (10%; further details are provided below). No other causes of death were observed. Diarrhea was commonly observed (grade 3 in 7 of 29), and grade 3 oral stomatitis was noted in two subjects. No grade 4 mucosal or intestinal toxicity was seen. Transient hyperbilirubinemia or transaminase elevations were commonly noted and were generally mild and not associated with synthetic dysfunction or encephalopathy.
The study's dose escalation plan, measured rapamycin levels, and observed DLTs are summarized in Table 3 . For reference, steady state rapamycin troughs of 4 to 12 μg/L were targeted during solid organ transplantation. DLTs were seen in four subjects. At dose level 2, one subject experienced reversible grade 3 cerebellar toxicity, prompting dose expansion to enroll three more subjects at this level prior to escalation. After additional review of medical history, this subject reported cerebellar toxicity with prior high-dose Ara-C. This had not been disclosed at study entry and would have precluded participation. At dose level 3, one subject experienced grade 3 hepatic transaminase elevation, an expected toxicity from etoposide and/or cytarabine. According to the protocols, at the time of this subject's enrollment, this toxicity necessitated chemotherapy interruption and dose expansion at this level to a total of six subjects. Following this toxicity, a protocol amendment was made to reflect the known transient hepatotoxicity of the MEC regimen. Subsequently, only transaminase elevations that did not resolve within 14 days were considered dose-limiting. At dose level 5, one subject developed multiorgan dysfunction characterized by pneumonia, cardiomyopathy, respiratory failure, and culture-negative sepsis. The contribution of sirolimus to her cardiomyopathy and respiratory failure could not be excluded and this toxicity was considered dose-limiting. A second subject on dose level 5 developed prolonged marrow aplasia. Repeated marrow biopsies up to day 84 showed no evidence of leukemic involvement and persistent cellularity <10%. The subject experienced recurrent Gramnegative infections that ultimately were fatal on day 120. Of note, persistent cytopenias were seen in seven other subjects (24%), and were attributable in all these cases to recurrent marrow involvement by AML.
The fourth sirolimus dose level (12 mg load followed by 4 mg dose on days 2-7) was therefore determined to be the MTD. This level was expanded to treat a total of 12 subjects. The toxicities identified at this dose level were similar to those identified at lower sirolimus doses. Clinical outcomes. Two subjects did not complete all chemotherapy due to toxicity (cerebellar ataxia and hepatic transaminase elevation). Although day 14 marrow studies were not specified by protocol, they were commonly done at the treating physician's discretion. Three subjects received additional chemotherapy off protocol based on persistent leukemia at nadir. The median time to absolute neutrophil count recovery (>500 cells/μL) was 32 days.
Six subjects responded to sirolimus MEC (22% of those who received all chemotherapy doses; summarized in Table 4 ). Four subjects, all in first relapse with prior a CR duration of >6 months, achieved CR. Two subjects achieved a partial remission. Of those achieving a CR to sirolimus MEC, three subjects went on to subsequent stem cell transplant and remain alive in remission. One subject declined transplantation following sirolimus MEC and experienced an unmaintained 16-month remission prior to eventual disease progression. Clinical responses occurred across all dose levels and no clear dose response to sirolimus was noted. Of the 12 subjects treated at the MTD, two CRs and one partial remission (PR) were achieved (overall response rate was 25% at the MTD).
Rapamycin drug levels and evidence of mTOR signal disruption. Rapamycin levels were measured and showed dosedependent increases (Table 3) . Similar levels were seen on days 3 and 6 measurements. At the MTD, the mean rapamycin levels at day 3 and 6 were 6.4 and 5.0 μg/L, respectively. The laboratory's therapeutic rapamycin level reference range for transplant immunosuppression was 4 to 12 μg/L. One subject did not report his use of voriconazole just prior to study entry and developed markedly elevated rapamycin levels (day 3 = 21.9 μg/L; day 6 = 31.2 μg/L). This subject was excluded from drug level analysis due to this protocol violation. Of note, this subject neither experienced prolonged myelosuppression nor other unusual toxicities. He did not clinically respond to sirolimus MEC.
Paired baseline and day 3 pharmacodynamic assessments of mTOR signaling were evaluable in 12 subjects. Paired samples could not be obtained in 11 subjects, and in 6 subjects, samples were obtained but were technically not evaluable. Unevaluable samples occurred due to low cell and protein yields from postchemotherapy (day 3) samples, target protein degradation, or insufficient signal from p-70 S6K antibody for reliable controls.
All evaluable baseline samples showed p70 S6 kinase, S6 ribosomal protein, or 4EBP1 phosphorylation, consistent with mTOR activation (data not shown). Five of 12 subjects with evaluable samples were considered to have definite (n = 2) or possible (n = 3) target inhibition. Inhibition of mTOR, as shown by abrogation of p70 S6K, S6 ribosomal protein, or 4EBP1 phosphorylation occurred across all dose levels. Among subjects treated at or above the MTD, five had evaluable paired samples (Fig. 2) . Considering these five samples from dose levels 4 and 5, only one (subject 17) showed definite evidence of mTOR inhibition. No association between serum rapamycin level and biochemical response was noted to suggest a critical drug level above which mTOR consistently occurred. Considering subjects with clinical responses to sirolimus MEC, three subjects with a CR or PR to sirolimus MEC had evaluable paired samples. One subject at dose level 4 achieved a CR and showed definite target inhibition (Fig. 2, subject 17 ), one subject on dose level 1 achieved a CR and showed possible inhibition (data not shown), and one subject on dose level 4 achieved a PR but did not show phosphorylated p70 target inhibition (Fig. 2, subject 27 ). Among the remaining eight subjects who did not respond to sirolimus MEC but did have evaluable samples, one subject showed definite p70 S6K inhibition and two subjects showed possible inhibition. The remaining five subjects who did not respond clinically to the regimen had no significant change in downstream mTOR target phosphorylation.
Discussion
This trial represents the first study to combine mTOR inhibitors with induction chemotherapy for acute leukemia. Our study shows the feasibility of combining agents that target signal transduction in leukemic stem cells with highly myelosuppressive cytotoxic chemotherapy.
Of the toxicities identified with this regimen, prolonged marrow aplasia in the absence of leukemic relapse was unexpected and occurred in one subject at dose level 5. This finding raised the concern that sirolimus plus MEC was irreversibly toxic to normal as well as leukemic stem cells, despite preclinical data to the contrary. Of note, our preclinical data was completed with rapamycin and etoposide only, and did not examine all chemotherapy agents involved in this trial. One subject that experienced a hematologic DLT was a 48-year-old man treated at first relapse. He did not have a history of heavy pretreatment, antecedent MDS, extensive marrow fibrosis, or aplastic anemia that might have predicted this toxicity. Rapamycin levels for this subject were 5.3 and 3.1 μg/L, which were not notably different from that seen in subjects on dose level 4. Although prolonged aplasia is rare from induction chemotherapy, it has been reported in populations similar to that studied here, including regimens that combine signal transduction inhibitors and induction chemotherapy (38, 39) . We therefore considered aplasia to be possibly related to sirolimus.
The addition of sirolimus to MEC chemotherapy did not obviously increase nonhematologic toxicity above that seen historically with MEC alone. Abnormal liver transaminases and cerebellar toxicity necessitated dose expansion on this study, yet both toxicities are well described with etoposide or cytarabine in the absence of other agents. Although the two subjects with fatal complications of sirolimus MEC therapy at dose level 5 suggested additional toxicity from the mTOR inhibitor when added to chemotherapy, these toxicities were more likely multifactorial. The case of prolonged aplasia is considered above. In the case of multisystem organ dysfunction, the subject had a history of prior allogeneic stem cell transplant and multiple prior anthracycline-based regimens. This subject's extensive prior therapy likely contributed to her impaired ability to withstand infectious complications of induction, despite her young age (31) and adequate baseline organ studies at enrollment. In summary, it was not clear that sirolimus increased the hematologic or nonhematologic toxicity of the MEC regimen.
The integration of signal transduction inhibitors into chemotherapy regimens for AML and other cancers is a promising area of clinical development, but is also one in which there has been little detailed analysis of pharmacodynamic end points. As such, few data exist to guide the use of these molecularly targeted approaches. Preclinical data suggested that mTOR inhibition should dramatically enhance the effects of etoposide-based chemotherapy. Although not statistically powered to show comparative efficacy, it is notable that the response rate on this clinical trial at the MTD is similar to published reports using MEC chemotherapy alone in relapsed and refractory patient populations. Our dose 4 expansion cohort provides a preliminary efficacy assessment, but this response rate fails to show the strong synergy of rapamycin and etoposide predicted by our in vitro studies (5) . The lack of mTOR inhibition in the majority of evaluable samples at or above dose level 4 suggests one reason why this may have occurred. Fig. 2 . mTOR inhibition in leukemic blasts at or above the MTD. Among subjects treated at or above the MTD (dose level 4), paired marrow aspirates were evaluable for signaling end points in five subjects. Western blots for phosphorylated and total p70 S6 kinase, a surrogate marker of mTOR activation, are shown for these subjects at baseline (pre) and day 3 (post). Each subject's day 3 rapamycin level and clinical response to the sirolimus MEC are shown. All subjects depicted were treated on dose level 4, except subject 20, who was treated on dose level 5. As a control, untreated lysate from a myeloid cell line (U937) is shown and compared with the same cell line following 4 h of in vitro treatment with LY294002 (25 μmol/L), an inhibitor of PI3K and mTOR that disrupts signaling through downstream targets, including p70 S6K. The anti-phosphorylated p70 antibody recognizes two subunits of the S6 kinase, p70 (lower arrow) and p85 (upper arrow). Only p70 phosphorylation is altered by the mTOR activation state, as seen in the U937 control lanes. Some samples show two p70 bands, representing alternate phosphorylation. Subject 17 shows inhibition of mTOR, as shown by abrogated phosphorylated p70 S6 kinase signal on day 3 samples compared with baseline. None of the other four samples were considered to have a definite biochemical response. NR, no remission.
Pharmacodynamic measurement was critical to confirm or refute our hypothesis that mTOR inhibition in leukemic blasts would predict clinical response. Unfortunately, an adequate amount of sample to assess biochemical response could not be obtained in many subjects. We suspect that low cell and protein yield on day 3 samples was due to apoptosis from chemotherapy, a finding that was not directly measured here. If true, the results of our pharmacodynamic studies may represent sampling of the residual, apoptosis-resistant population. In this context, the presence of mTOR activation in these cells is actually not surprising, as data suggest constitutive mTOR activation provides a strong antiapoptotic stimulus.
Other considerations for the lack of mTOR inhibition include at least two explanations. It is possible that this finding is a technical artifact of the methodology. We have assayed mTOR on the total mononuclear cell population, and not specifically in leukemic cells. New approaches using intracellular flow cytometry may provide a more leukemia-specific assessment of pharmacodynamic effects (40) . Alternatively, in vivo effects may be lost when primary cells are studied in vitro, leading to impaired sensitivity to detect rapamycin responsiveness in AML blasts. Further studies will be needed to test this hypothesis.
In summary, targeting oncogenic signaling in AML stem cells through the mTOR inhibitor rapamycin remains a promising, but challenging goal. We show that combining sirolimus and etoposide-based induction chemotherapy for AML is feasible. However, using the doses and schedule tested, we did not show synergy between sirolimus and chemotherapy. A possible reason for this finding is the inability to indicate mTOR inhibition in tumor cells that were left after 3 days of chemotherapy. We have recently begun testing the sequential administration of sirolimus alone followed by combined sirolimus and MEC. Preliminary analysis of these trials shows evaluable pharmacodynamic results in all samples, and inhibition of mTOR more frequently than presented here. Other inhibitors of the PI3K pathway (e.g., rapamcyin analogues or direct inhibitors of PI3K, AKT, or mTOR kinases) combined with other chemotherapeutic agents, may also ultimately prove more efficacious than rapamycin as used in the current study. We finally conclude that careful pharmacodynamic analysis in tumor cells is critical for the evaluation and integration of signal transduction inhibitors with chemotherapy regimens for molecularly targeted cancer therapy.
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